The recently developed structure model that uses the generator coordinate method to perform configuration mixing of angular-momentum projected wave functions, generated by constrained self-consistent relativistic mean-field calculations for triaxial shapes (3DAMP+GCM), is applied in a systematic study of ground states and low-energy collective states in the even-even magnesium isotopes 20−40 Mg. Results obtained using a relativistic point-coupling nucleon-nucleon effective interaction in the particle-hole channel, and a density-independent δ-interaction in the pairing channel, are compared to data and with previous axial 1DAMP+GCM calculations, both with a relativistic density functional and the non-relativistic Gogny force. The effects of the inclusion of triaxial degrees of freedom on the low-energy spectra and E2 transitions of magnesium isotopes are examined.
I. INTRODUCTION
In the first part of this work [1] the simple mean-field (single-reference) implementation of the framework of relativistic energy density functionals (EDF) has been extended to include long-range correlations related to restoration of symmetries broken by the static mean field and to fluctuations of collective coordinates around the mean-field minimum. A model has been developed that uses the generator coordinate method (GCM) to perform configuration mixing of three-dimensional angular-momentum projected (3DAMP) relativistic mean-field wave functions, generated by constrained self-consistent calculations for triaxial nuclear shapes. This calculational framework can be used to perform detailed studies of lowenergy collective excitation spectra and corresponding electromagnetic transition rates. The particular implementation of the relativistic 3DAMP+GCM model has been tested in the calculation of spectroscopic properties of low-spin states in 24 Mg, in comparison with data and with the results of the recent work of Ref. [2] , where a similar 3DAMP+GCM model has been developed, but based on non-relativistic Skyrme triaxial mean-field states that are projected both on particle number and angular momentum, and mixed by the GCM. We note that, very recently, a new 3DAMP+GCM model with particle number projection has been implemented, based on the non-relativistic Gogny force [3] .
In this work we apply the relativistic 3DAMP+GCM model to a systematic study of ground states and low-energy collective states in the even-even magnesium isotopes 20−40 Mg.
The low-energy structure of magnesium nuclei has attracted considerable interest in the last decade, both experimental and theoretical. In particular, the sequence of isotopes 20−40 Mg encompasses three spherical magic shell numbers: N = 8, 20, 28, and, therefore, presents an excellent case for studies of the evolution of shell structure with neutron number, weakening of spherical shell closures, disappearance of magic numbers, and the occurrence of "islands of inversion" [4] . Following the pioneering measurement of the transition rate B(E2; 0
) in the neutron-rich nucleus 32 Mg [5] that confirmed a large deformation of this nucleus indicated by the low excitation energy of the 2 + 1 state [6] , extensive experimental studies of the low-energy structure of Mg isotopes have been carried out at RIKEN [7, 8] , MSU [9] [10] [11] [12] , GANIL [13] and CERN [14, 15] .
In addition to numerous theoretical studies based on large-scale shell-model calculations [16] [17] [18] [19] [20] [21] , the self-consistent mean-field framework, including the non-relativistic Hartree-Fock-Bogolibov (HFB) model with Skyrme [22] and Gogny forces [23] , and the relativistic mean-field (RMF) model [24, 25] , as well as the macroscopic-microscopic model based on a modified Nilsson potential [26] , have been used to analyze the ground-state properties (binding energies, charge radii and deformations) and low-lying excitation spectra of magnesium isotopes. Of course, to calculate excitation spectra and electromagnetic transition rates it is necessary to go beyond the mean-field approximation and include dynamic correlations related to the restoration of broken symmetries and to fluctuations of collective coordinates.
Based on the 1DAMP+GCM (axial symmetry) framework, studies of low-energy spectra of specific Mg isotopes have been performed using non-relativistic models with Skyrme [27, 28] and Gogny [23] forces, as well as relativistic density functionals [29, 30] .
In Section II we present a brief outline of the relativistic 3DAMP+GCM model used in the present analysis. Section III describes a study of low-lying collective states of the even-even magnesium isotopes 20−40 Mg. A brief summary and an outlook for future studies are included in Section IV.
II. THE 3DAMP+GCM MODEL
The 1DAMP+GCM calculational framework, restricted to axially symmetric nuclei, has recently been extended to include triaxial shapes. 3DAMP+GCM models have been developed, based on the self-consistent Hartree-Fock-Bogoliubov approach with Skyrme forces [2] and the Gogny force [3] . Starting from relativistic energy density functionals, we have implemented a model for configuration mixing of three-dimensional angular-momentum projected (3DAMP) relativistic mean-field wave functions, generated by constrained self-consistent calculations for triaxial nuclear shapes. The details of the model and the numerical tests are described in Refs. [1, 31] . Here we only outline the basic features of the model that will be used in the study of low-lying states in even-even magnesium isotopes 20−40 Mg.
In the 3DAMP+GCM framework the trial angular-momentum projected GCM collective wave function |Ψ (q) for K < 0. The spectroscopic quadrupole moment for the state (J π α ) is defined by the expression
The matrix elements of the charge quadrupole operatorQ 2µ = e p r 2 p Y 2µ (Ω p ) are calculated in the full configuration space. There is no need for effective charges, and e simply corresponds to the bare value of the proton charge.
III. LOW-LYING STATES IN MAGNESIUM ISOTOPES: RESULTS AND DIS-

CUSSION
As in the first part of this work [1] , we use the relativistic point-coupling interaction PC-F1 [32] in the particle-hole channel, and the corresponding density-independent δ-force in the These numbers of oscillator shells are sufficient to obtain a reasonably converged mean-field potential energy surface [1, 31] . The HO basis is chosen isotropic, that is the oscillator In Fig. 1 we plot the self-consistent RMF+BCS mean-field, and the corresponding angular momentum projected (J π = 0 + ), energy curves (PEC) for the even-even magnesium isotopes 
and the correlation energy gained by GCM configuration mixing
β m and β 0 denote the axial deformation parameters at the minima of the mean-field and the (J π = 0 + ) angular-momentum projected PECs, respectively (cf. Fig. 1 ). E Corr shows a strong dependence on shape and shell structure. It is large for deformed mid-shell nuclei, with a maximum of ∼ 4 MeV at N = 14, and is drastically reduced (∼ 1 MeV) for the two isotopes with the neutron magic numbers N = 8 and N = 20. Projection on angular momentum J = 0 , that is, the rotational energy correction ∆E J=0 constitutes the dominant part of the total dynamical correlation energy. This is generally valid for a great majority of nuclei, as it has been shown in the global study of quadrupole correlation effects [35] , performed with GCM configuration mixing of axially symmetric Skyrme-Hartree-Fock+BCS states, with the two-point topological Gaussian overlap approximation for angular-momentum projection. As also shown in Ref. [35] , in Fig. 2 one notices that the correlation energy ∆E GCM gained from configuration mixing of different deformed states is of the order of several hundreds keV, and not very sensitive to nuclear shape and shell structure. ∆E GCM is, in fact, composed of two parts: a potential term that is negative and in size comparable to the correlation energy induced by angular momentum projection, and a kinetic part (energy of the zero-point vibrational motion) that is positive and cancels to a large extent the potential term [36] .
The excitation energies of the states 2 To have a consistent model, however, in the remaining calculations of this work we will continue using the original pairing strengths that were adjusted simultaneously with the parameters of the PC-F1 effective interaction in the particle-hole channel [32] .
A measure of collectivity of the lowest excited states in magnesium isotopes can be obtained by comparing the experimental and calculated B(E2; 0
) with the prediction of an empirical formula based on the liquid-drop model (LDM) [38] ,
This comparison is shown in Fig. 5 In Fig. 6 we plot the spectroscopic quadrupole moments of the states 2 32 Mg, for which the calculation based on the Gogny force yields a deformed ground state, whereas this state is spherical in the present axially symmetric calculation using the functional PC-F1. In both calculations, however, the states 2 
IV. SUMMARY
The very successful framework of relativistic energy density functionals has mostly been used on the mean-field level to describe ground-state properties of medium-heavy and heavy nuclei. When considering applications, however, it is important to develop EDF-based structure models that go beyond the static mean-field approximation. Detailed predictions of excitation spectra and transition rates necessitate the inclusion of correlations related to the restoration of broken symmetries and to fluctuations of collective variables. In recent years several new models have been developed that extend the relativistic EDF-based approach and perform the restoration of symmetries broken by the static mean field and take into account fluctuations around the mean-field minimum. This is relatively simple in the case of axial symmetry, that is, when only one collective coordinate is considered [29, 30] , but such models become much more involved, technically complicated, and computationally demanding when possible triaxial shapes are taken into account.
In Refs. [31] and [1] we have implemented and tested a new model that uses the generator coordinate method (GCM) to perform configuration mixing of three-dimensional angular-momentum projected (3DAMP) relativistic mean-field wave functions, generated by constrained self-consistent calculations for triaxial nuclear shapes. In the present study this calculational framework has been used to analyze the influence of triaxiality on the low-energy collective excitation spectra and the corresponding electric quadrupole transition rates of even-even magnesium isotopes 20−40 Mg. The self-consistent solutions of the constrained RMF+BCS equations have been obtained using the relativistic point-coupling interaction PC-F1 [32] in the particle-hole channel, and a density-independent δ-force in the particle-particle channel. Since the low-energy spectra of 20−40 Mg were previously investigated in the axial 1DAMP+GCM model based based on the non-relativistic HFB framework with the Gogny force [23] , in the first instance we have performed axial 1D calculations and compared the results with data and those obtained in Ref. [23] . In future studies the 3DAMP + GCM model based on relativistic density functionals will be applied to the description of shape transitions and shape coexistence phenomena in medium-heavy and heavy nuclei. We also plan to compare the results of full 3D angularmomentum projection and GCM configuration mixing, with those obtained in the recently developed model for the solution of the eigenvalue problem of a five-dimensional collective
Hamiltonian for quadrupole vibrational and rotational degrees of freedom, with parameters determined by constrained self-consistent relativistic mean-field calculations for triaxial shapes [39] . 
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